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Tetrapod limbs display a great variety of forms and functions. In an attempt to understand factors influencing
this diversity, Cretekos and colleagues, in a recent issue of Genes & Development, provide molecular insight
into the evolution of wing morphology in bats.A significant milestone in the history of
vertebrates was the evolution of limbs
from the paired fins of fish. This innovation
provided the means for the emergence of
a subgroup of vertebrates, the tetrapods,
from the oceans to colonize the land. Over
the following 350 million years, limbs un-
derwent extensivemodifications, allowing
exploitation of terrestrial and aerial envi-
ronments as well as a return to the water.
Over the past half-century, there have
been dramatic advancements in our un-
derstanding of the embryology, cell biol-
ogy, and developmental genetics of limb
formation and morphogenesis (Stopper
and Wagner, 2005). Most of our knowl-
edge of tetrapod limb development
comes from twomodel systems, the chick
and the mouse. Despite the diversity in
form and function, the chick and the
mouse have shown us that the early pat-
terning genes and their interactions are
largely conserved frombirds tomammals,
as are the genetic regulatory mechanisms
controlling the formation of differentiated
tissue types, such as bone, muscle, and
tendons. Insights into the basis of tetra-
pod limb diversity have remained elusive.
In their study, Cretekos and colleagues
(Cretekos et al., 2008) turned to bats (or-
der Chiroptera) to identify factors contrib-
uting to differences in limb morphology
between mammalian lineages. Bat fore-
limbs have been modified into wings that
contain a number of unique features com-
pared with mouse forelimbs (Figure 1).
These include the elongation of the fore-
arm and digits, reduction in bone thick-
ness, and the presence of tissue between
the digits and between the digits and
body wall, which composes the lifting sur-
face of the wing. The authors focused on
the dramatic elongation of the limb bones
and took a candidate gene approach, ex-
amining in detail one gene that is knownto regulate bone length in the mouse,
the homeobox transcription factor Prx1.
A targeted knockout of the Prx1 gene in
the mouse results in dramatically shorter
long bones in the limbs (Martin et al.,
1995), indicating that it plays a critical
role in long bone elongation. Was it possi-
ble that Prx1 might also be a factor
involved in the evolutionary divergence
in limb length? Changes at the level of
protein function are perhaps the most ob-
vious site for divergence between ortholo-
gous structures. However, the authors
found that bat andmouse Prx1 protein se-
quences differ by only two amino acids,
which lie outside of the homeodomain,
suggesting that the proteins are function-
ally equivalent.
Alterations in the timing or domain
of Prx1 expression might account for
changes in limb length between bats
and mice despite protein conservation.
Cretekos and colleagues found that while
bat and mouse limbs share some ele-
ments of Prx1 gene expression, the bat
shows both expansion and upregulation
of Prx1 expression in the developing
wing. To test whether the differences in
expression pattern and level in the bat
contribute to the increased bone length,
they began to examine cis-regulatory
elements of the Prx1 gene. Utilizing se-
quence data from a known Prx1 limb en-
hancer in mice (Martin and Olson, 2000),
they cloned and studied the role of the
homologous genomic region from bats.
To test the functionality of the bat en-
hancer, they used it to replace the endog-
enous mouse enhancer. Mouse embryos
homozygous for the bat Prx1 enhancer
(Prx1BatE) show a small but significant in-
crease in forelimb length just prior to birth.
This exciting result shows that differences
in Prx1 cis-regulatory sequences in the
bat compared with the mouse affectDevelopmental Cebone length, but it also indicates that
this change is only part of the suite of
modifications necessary to achieve bat-
length limbs. Significantly, this increase
in bone length in Prx1BatE homozygous
embryos is specific to the forelimb, de-
spite the bat enhancer driving Prx1 ex-
pression in both forelimbs and hindlimbs.
This suggests that the changes regulating
bone length are uniquely encoded for the
forelimbs in bats. This is consistent with
bat limb morphology; while bat wing
bones are elongated, bat leg bones
are not.
Another interesting finding of this work
is that although the mouse Prx1 limb en-
hancer is sufficient to drive reporter gene
expression, it is not required for endoge-
nous Prx1 expression. The authors found
that mice lacking both copies of the
endogenous Prx1 limb enhancer have
normal-length limbs in contrast to Prx1
knockout mice, which have shortened
limbs. This indicates that a type of redun-
dancy is in place to regulate Prx1 expres-
sion.More generally, it suggests amecha-
nism whereby changes to regulatory
regions could be buffered by redundant
counterparts. In terms of evolution, this
could serve to protect against damaging
mutations but still allow the flexibility for
modest gain-of-function mutations to be
selected upon.
There are gaps in our understanding of
how bats have evolved. No clear interme-
diate forms have been found in the fossil
record, making it difficult to ascertain the
order of events that led to wing formation
and flight in Chiroptera. One line of
thought is that bat ancestors were small
arboreal mammals that began gliding
via lateral wing membranes, similar to
flying squirrels and flying lemurs. Subse-
quently, webbing between the digits
could have arisen, which may have aidedll 14, February 2008 ª2008 Elsevier Inc. 149
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Previewswith steering while gliding. Selection of
the webbed forelimb character, coupled
with changes in musculature and elonga-
Figure 1. Bat Wings Show Distinct
Differences from Mouse Forelimbs
Including Dramatic Elongation of the
Digits and Reduction of the Ulna
(Top) Embryonic day 18 mouse forelimb stained
with alizarin red/alcian blue to mark bone and
cartilage, respectively. (Bottom) Mid-gestation
bat wing (stage 18E; Cretekos et al., 2005) stained
with alcian blue. Images are not at the same mag-
nification. Hu, humerus; ra, radius; ul, ulna; di, digit.Dialogue between
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Cell polarity is essential for many b
including the Par complex, Rho GT
by Nakayama et al. and Zhang an
complex control polarized cell migr
Virtually all eukaryotic cells—from yeast
to neurons and epithelial cells—require
a polarized structural organization for their
functionality. In neuronal cells, polarity
contributes to axon/dendrite identity and
to the formation of dendritic spines, the
main sites of excitatory synapses in the
150 Developmental Cell 14, February 2008 ªtion of the long bones of the forelimbs,
could then have given rise to powered
flight in the bat. Such an evolutionary sce-
nario could be accomplished via the ac-
cumulation of small changes to regulatory
sequences, as suggested by the findings
of Cretekos and colleagues. It remains
to be determined if additional regulatory
changes at the Prx1 locus or in other bat
limb genes act cumulatively with known
Prx1 limb enhancer sequences to affect
bone length. One potential candidate for
this is Bmp2, a known regulator of bone
development, which shows increased ex-
pression in the digits of bats compared
with mice (Sears et al., 2006).
While comparative enhancer analysis
has been ongoing, functional tests of
changes in regulatory sequencesbetween
species have largely been restricted to
insects (Prud’homme et al., 2007). These
studies have led to a better understanding
of the regulation of morphological change
throughcis-regulatory evolution. Thework
by Cretekos and colleagues has now
brought this level of evolutionary develop-
mental biology (evo-devo) analysis to ver-
tebrate systems. In the future we shouldRhoA/ROCK
he Par Complex
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iological processes and is regulated
Pases, and their regulators. In this iss
d Macara examine how interplay be
ation and dendritic spine morphogen
brain (Wiggin et al., 2005). In migrating
cells, polarization along the anterior-pos-
terior axis is essential for directionalmove-
ment (Jaffe and Hall, 2005; Pegtel et al.,
2007). Furthermore, apical-basal polarity
is required for the formation of functional
epithelial tissues (Mertens et al., 2006).
2008 Elsevier Inc.expect to seemore examples of functional
tests of cis-regulatory evolution using
transgenic approaches in the mouse and
other systems to expand our insight into
the evolution of vertebrate characters.
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Increasing evidence indicates that
differential subcellular localization and
activity of the Par complex, consisting of
Par3, Par6, and atypical protein kinase C
(aPKC), are critical for polarization (re-
viewed in Mertens et al., 2006). The Par
complex is believed to generate positional
